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Optical Signal Propagation
1 Fundamentals of dispersion
2 Envelope Equation
3 RMS pulse widths Equation
4 Power transfer function
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  1 Fundamentals of temporal dispersion in optical fibers
Temporal envelope broadening of the transmitted pulse
Example: Modal dispersion
When a pulse is propagated in a multimode fiber, each of the modes have a
different group velocity because its effective refraction index is different, so
h f th t k di ti t ti t f ll th th Th t l l t feac o em a e s nc me o o ow e pa . e empora enve opmen o
the output power is calculated by a rms width , and the phenomenon is known
as modal dispersion.
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Types of dispersion:
A) Modal Dispersion (Only multimode fibers)
B) Chromatic Dispersion (GVD,  V  ) (in all fibers)
    Material Dispersion
    Waveguide Dispersion
Group elocity Dispersion
C) Polarization Mode Dispersion (PMD) (Only significant in single mode fibers)
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A) Modal Dispersion (also known as Intermodal Dispersion)
D t th diff t ti l iti f th due o e eren  propaga on ve oc es o  e mo es
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New MM fibers have been created recently to be used with 850 nm laser in
Gigabit Ethernet, specifically with greater bandwidth if these fibers are
ill i t d ith h t i ll d " t i t d l hi " h b fum na e w w a s ca e res r c e aunc ng w ere y a range o
modes are excited. Those fibers reach B0 = 2 GHzꞏKm (OM3 category)
and 4,7 GHzꞏKm (OM4 category)
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B) Chromatic Dispersion (GVD) Group Velocity Dispersion (also known as Intramodal Dispersion)
Temporal broadening due to the different group velocity of the spectral components
of the mode with the propagation constant ( ). 
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- Intramodal temporal dispersion Temporal broadening due to the different 
  group velocities of the spectral components of the guided modes
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0Band-pass process centered on 
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the field propagation can be considered as a filter with the transfer function:
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Group velocity in material (Group refractive index)
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(Fiber-Optic Communications Systems,4th Ed, Agrawal, 2010)
Propagation in waveguide inside material
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Concept of temporal chromatic dispersion
Temporal broadening due to the different group velocities of spectral components of the mode
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TOTAL
Fiber dispersion (material waveguide)
M WD D D

 
1º  window (-100,-120 ps / nm km)
2º window ( 3 ps / nm km)D
  F t d d SMF             
3º  window (17 ps / nm km)         
Total  
or s an ar  
Total dispersion parameter D and
its components DM and DW for a
standard SMF.
Zero dispersion wavelength ZD is
shifted towards higher wavelengths
because of waveguide dispersion
contribution
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(Fiber-Optic Communications Systems,4th Ed, Agrawal, 2010)
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Material dispersion is caused by the frequency variation of material refractive
index, being this dispersion proportional to the second derivative of the
material refractive index with respect to the wavelength
Waveguide dispersion ( )WD
D  
2 2
14
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Waveguide dispersion is caused by the effective refractive index variation with
frequency, being this dispersion proportional to the second derivative with
respect to the wavelength
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un amen a s o  o on cs, .,   ,  
C) Temporal dispersion because of Polarization Modes (PMD) (Single mode fibers)
01     Fundamental mode  has two polarization modes
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The remaining birefringence of the fiber in a wiring, in virtue of lack of
manufacturing process accuracy or environmental changes (pressure,
temperature), results in a random process of velocities difference between both
polarization modes. Thus, it must be handled in statistical form.
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(Fundamentals of Photonics,2nd Ed.,Saleh and Teich,  2007)
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Limit by PMD
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 2  Envelope Equation
- The space-time evolution of the propagated pulses in a fiber of length ,  with ( ) 
and ( ) is studied by means of the ( ) envelope propagation equation
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(Fundamentals of Photonics,2nd Ed.,Saleh and Teich,  2007)
E(z,t) Electric field
A(z,t) Slowly varying complex field envelope
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- The envelope ( , ) propagation equation, calculated with the Maxwell's 
  equations, in an optical fiber of length  with ( ) and ( ), is:f
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Particular cases
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0( ) ,  in the relevant  (centered spectral zone)
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)  3  RMS (root mean square) (σ pulse widths Equation
- The space-time evolution of the propagated pulses in a fiber of length ,  with ( ),
  is studied by means of the envelope ( , ) propagation equati
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Sources
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- The modulating signal has a rms spectral width given by ( )
2 (0)t
- The unmodulated source has a rms spectral width given by ( )
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mod- The modulated source has a rms spectral width given by ( ) 
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RMS (σ) pulse widths Equation
22
2
    
LL       2 2 2 2 32 2
2
( ) (0) 1 1
2 (0) 4 2 (0)
t t
t t
D
L V V 

   
  
            
 
   2 21L      
2
2L 
 
2 2 2 22
2
2 d
( ) (0) 1 1
2 (0) 2 (0)t t t t
L
L V V 
 
              
 
3
4
2   
mo mod 
Miguel A. Muriel-2018/02-51
2a) Wide spectrum sources ( 1) the source spectrum is predominant
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L t i t i l
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e  us go ng o rev ew severa  cases:
1) Wide spectrum source ( 1), input pulse and 0V   
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
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 03) Narrow spectrum source ( 1), input pulse  and V  3 0 
 0 24) Narrow spectrum source ( 1), input pulse  and 0V   
 0 35) Narrow spectrum source ( 1), input pulse  with chirp  and 0V C   
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 0 2 31) Wide spectrum source ( 1), input pulse  and ( )V     
It is the case distant from the zero dispersion point ( ).ZD 
   
2 2
2 22 2 2
2( ) (0) (0)
D D
t t tL L DL 
 
         
 22 2For very long ( )tL L L      2DL 
This formula is also calculated by more direct process,  regarding the 
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 0 22) Wide spectrum source ( 1), input pulse  and 0V   
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Example with a wide spectrum source
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 0 2 33) Narrow spectrum source ( 1), input pulse  and ( )V     
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 0 24) Narrow spectrum source ( 1), input pulse  and 0V   
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Pulses with chirp
Th ti l h hi ( d l ti f i ti th ti )e propaga ng pu ses can ave c rp mo u a on requency var a on over e me
and can be calculated with complex envelopes:
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 0 2 35) Narrow spectrum source ( 1), input pulse  with chirp  y ( )V C     
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(Fiber-Optic Communications Systems,4th Ed, Agrawal, 2010)
RMS (σ) pulse widths with chirp Equation      
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4  Power transfer function
(A) - Source spectrum much wider than the spectrum of the modulating signal)
- These sources with wider spectrum than the modulating signal one are typically used, 
  and the source-fiber-receiver set can be considered as a power lineal system.
2
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- Normalized Input pulse:
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- The propagation in the Fiber is derived from its optical power impulsive response:
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- Output pulse:
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Optical fiber transfer function ( , )PH L
- It is the spectral response of  the electric envelope-modulating signal,
( 2 ), known as the transfer function ( , )Pf H L           
- It is calculated by the Fourier transform of  ( , ) :Ph t L
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3Optical fiber modulation bandwidth 
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 Electric bandwidth Distance Product
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(B) -  Source spectrum much narrower than the spectrum of the modulating signal)
- These sources are typically used in microwave photonics.
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RF Input RF Output
ν0+fRFν0ν0‐fRF
Modulated
Optical Source
(O/E demodulation)
fRF f
optical fibre
 
(E/O modulation)
RF
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